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Oil and gas exploration in carbonate rocks was extremely successful in recent years in the Ordovician in
Tarim Basin, NW China. Here, we investigate the carbonate reservoirs in the Bachu area of the Tarim Basin
through petrological and geochemical studies combined with oil and gas exploration data. Geochemical
analysis included the major, trace, and rare earth elements; ﬂuid inclusion thermometry; clay mineral
characterization; and carbon and oxygen isotopes of the carbonate rocks. Homogenization temperatures
of the ﬂuid inclusions of Well He-3 in the Bachu area indicate three groups, 60e80 C, 90e130 C, and 140
e170 C, and suggest that the carbonate rocks experiencedmodiﬁcation due to heating events. The porosity
in the reservoir is deﬁned by fractures and secondary pores, and there is a notable increase in the porosity of
the carbonate reservoirs in proximity to magmatic intrusion, particularly approximately 8e10 m from the
intrusive rocks. The development of secondary poreswas controlled by lithofacies and corrosion by various
ﬂuids. We identify supercritical ﬂuids with high density (138.12e143.97 mg/cm3) in the Bachu area. The
negative correlations of d13C (2.76& to 0.97&) and d18O (7.91& to 5.07&) suggest that the car-
bonate rocks in the study area were modiﬁed by high-salinity hydrothermal ﬂuid. The formation of clay
minerals, such as illite and montmorillonite, caused a decrease in porosity. Our study demonstrates the
effect of magmatic intrusions in modifying the reservoir characteristics of carbonate rocks and has
important implications for oil and gas exploration.
 2015, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction by the Kepingtage Fault (Xiao et al., 2005) (Fig. 1). The Bachu regionThe Tarim Basin is located in Northwest China and is one of the
largest hydrocarbon-bearing foreland basins in the world. The
Tarim Basin is bounded by the Tianshan Fold Belt to the north, the
Kunlun Fold Belt to the southwest, and the Altyn Uplift to the
southeast (Fig.1). The basement of the basin is pre-Sinian in age (Yu
et al., 2003; Xu et al., 2012). The magmatic rock suites in the Tarim
Basin are mainly of Cambrian and Permian ages (Jia, 1997; Li et al.,
1999; Yang et al., 2006). The early Permian magmatic activity is
widely distributed in the Tarim Basin, and such activity was
recorded in wells in the North Tarim, central Tarim, Bachu, Man-
jiaer, and the Awati areas in Northwest China. The Bachu Fault uplift
is located in the central uplift region of the Tarim Basin (Li, 1992;
Sun et al., 2005), along with the uplift in northern Keping causedof Geosciences (Beijing).
eijing) and Peking University. Produ
c-nd/4.0/).is considered to be one of the major magmatic centers of the Tarim
Basin, where a large number of intrusive rocks occur, particularly in
the Ordovician strata. The surrounding lithology is composed of
carbonate rocks, with which the intrusions in the carbonate rocks
are in sharp contact. The intrusions are likely to have had a sig-
niﬁcant impact on the carbonate rock reservoir (Ding et al., 2010).
Carbonate reservoirs related to magmatism have been a topic of
interest in recent years. Marine carbonate reservoirs, as a focus of
petroleum exploration and development around the world, are
involved with high exploration risk and prediction difﬁculty due to
the high heterogeneity and diversity of reservoir beds (Lan et al.,
2013). Hydrothermal ﬂuids migrate along faults and fracture
zones during magmatism. Magmatic intrusions can also meta-
morphose carbonate rocks (Armstrong, 1995; Bindeman et al.,
2004; Dickin, 2005). Langhorne (2006) studied the late Ordovi-
cian hydrothermal dolomite reservoir in the Trenton-Black River
rocks of New York State. They found that the reservoir was
controlled by hydrothermal activity related to faults. Luczaj (2006)
studied the Devonian hydrothermal dolomite reservoir of thection and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-
Figure 1. Geological background of Bachu area, Tarim Basin.
K. Xu et al. / Geoscience Frontiers 6 (2015) 779e790780Michigan Basin and identiﬁed that the reservoir space is related to
water-rock reactions between carbonate and hot brine. Magmatic
activities can not only provide hydrothermal ﬂuids but also cause
ﬂuid convention due to their high temperature (Wilson et al.,
2007). The erosional ability of ﬂuid will be enhanced when hy-
drothermal ﬂuid and formation ﬂuid mix. This is favorable for the
corrosion of carbonate rocks (Corbella et al., 2003, 2006). Packard
et al. (2001) studied a hydrothermal chertiﬁcation reservoir in
Canada, where the metasomatism of ﬂuid in the reservoir, in
addition to mineral compositional changes, resulted in the forma-
tion of new minerals.
Extensive researches have been undertaken regarding the
relationship between magmatic activity and oil and gas reservoirs
in the Tarim Basin in Northwest China. Magmatic activity does not
destroy oil and gas formation and accumulation, but is favorable for
the generation of large quantities of hydrocarbons from source
rocks (Yang et al., 2005a,b). The thermal ﬂuids resulting from
magmatic activity could increase the ancient geothermal gradient
and accelerate the evolution of source rocks (Sun et al., 2005; Xiao
et al., 2005). Magmatic activity could result in the formation of
more channels for oil and gas migration and accumulation and
form many secondary pores and ﬁssures. In addition, magmatic
rocks could seal hydrocarbons in traps and pools (Li et al., 1999; Sun
et al., 2005; Nie et al., 2008). Petroleum accumulation associated
with magmatic activity is emerging as a new ﬁeld of exploration in
the Tarim Basin (Lv et al., 2004). Several studies (Li et al., 1999; Sun
et al., 2005; Yang et al., 2006; Nie et al., 2008; Xu et al., 2012) have
addressed the relationship between igneous rocks and source rocksor igneous rocks and oil and gas trap types. A carbonate reservoir
during complex diagenetic evolution is highly heterogeneous with
reformation by faulting, fracturing, and karstiﬁcation (Callot et al.,
2010; Fontana et al., 2010). The magmatic emplacement at the
study areawas a part of the Permian Large Igneous Province (LIP) in
the Tarim block (Yang et al., 2007; Zhang et al., 2008; Tian et al.,
2010; Yu et al., 2011). The intense tectonic and associated
magmatic activities during the early Permian in the Tarim block
could have played a role in carbonate alterations, mainly by
providing heat source and minor ﬂuid ﬂux. In general, marbleiza-
tion predominated over the carbonates in contact with the
magmatic intrusions (Dong et al., 2013). However, much uncer-
tainty remains concerning the magmatic intrusions and their in-
ﬂuence on the carbonate reservoirs in the Bachu area, such as the
lithology and mineralogy, geochemistry, ﬂuid inclusions, clay
mineral, and C and O isotope levels. The effects of Permian intrusive
rocks on reservoirs not only represent a theoretical problem but are
also signiﬁcant for exploration. In this study, using petrological and
geochemical methods, combined with exploration data, we eval-
uate the effect of Permian magmatic intrusions on carbonate res-
ervoirs in the Bachu area.
2. Geological background
The early Permian Tarim Large Magmatic Rocks Province (TLIP)
is regarded as an important province of large magmatic rocks in
China (Bryan and Ernst, 2008; Tian et al., 2010; Zhang et al., 2010a;
Li et al., 2011; Pirajno, 2013). The early Permian magmatic suites of
K. Xu et al. / Geoscience Frontiers 6 (2015) 779e790 781both intrusive and extrusive types are widely distributed in the
Tarim Basin, including in Tazhong, Bachu, Awati and other regions.
The extrusive units include basalt, andesite, and volcanic tuff. The
magmatic activity has been correlated to continental rifting (Li
et al., 2007; Yang et al., 2007; Zhang et al., 2008; Zhou et al.,
2009; Tian et al., 2010; Yu et al., 2011; Zhang et al., 2010a,b; Li
et al., 2011, 2012; Shangguan et al., 2012; Yu et al., 2012; Zhang
et al., 2013). The early Permian Tarim Large Igneous Province is
also associated with some important mineral resources as well as
the formation of oil and gas. The Tarim Basin is a large cratonic
composite basin with a pre-Sinian metamorphic basement. Multi-
ple episodes of magmatic intrusion and eruption have been iden-
tiﬁed during the formation and evolution of the basin. In the early
Permian, the region was affected by tectonics associated with the
development of the Tianshan fold belt and subduction of the
southern Paleo-Tethys Ocean, when the Tarim Basin experienced
extension. The middle-western part of the basin witnessed wide-
spread magmatism and volcanic eruption (Yang et al., 2006; Chen
et al., 2010; Tian et al., 2010; Yu et al., 2011; Zhang et al., 2012).
The Bachu area also witnessed frequent magmatic activity
during this period, with massive eruptions during the Permian. The
Bachu uplift is located in the central uplift belt of the Tarim Basin.
The Kalpintag fault separates it from the Kalpin fault uplift. The
Bachu area is considered to be one of the magma centers in the
Tarim Basin. In the ﬁeld proﬁle of our study area, a thick (>10 m)
layer of diabase intruded into the lower Ordovician limestone.
3. Sample collection
The samples used for analysis were collected from outcrops on
the southeastern face of Mount Lianglitage in the Bachu region
(Fig. 2). To evaluate the details of the carbonate reservoir in the
longitudinal direction, ﬁve parallel transects were selected, and
more than 20 samples were collected from each parallel line. TheFigure 2. Outcrop photograph and sample lovertical distance of each sample was approximately 0.8 m. The
central section is composed of gabbroic rocks, with carbonate rocks
below and above. A total of 37 intrusive rock samples and 74 car-
bonate wall-rock samples were collected. Samples used in ﬂuid
inclusions were collected from Well He-3 in the southeastern part
of the Bachu faulted uplift.
4. Methods
Major elements, trace elements, rare earth elements and ﬂuid
inclusion analyses were performed at the laboratory of Nuclear
Industry Research Center, Beijing Institute of Geology. The oxide
concentrations were determined by X-ray ﬂuorescence spectrom-
etry (using a Philips PW2404 X-ray ﬂuorescence spectrometer).
Trace elements and rare earth elements were analyzed using high-
resolution inductively coupled plasma mass spectrometry (HR-ICP-
MS) (Element 2 Finnigan MAT, Germany). Fluid inclusion micro-
thermometry was performed using the LINKAM THMS600 cooling-
heating stage. X-ray diffraction (XRD) quantitative analysis of the
total clay mineral content of the carbonate wall rocks and common
non-clay minerals was performed at the Research Institute of Pe-
troleum Exploration and Development Center of China. Carbon and
oxygen isotopes were analyzed in the Isotopic Laboratory (stable
isotope mass spectrometer) at the China University of Geosciences
(Beijing). The results from the various analyses above are reported
in Tables 1e7.
5. Results
5.1. Lithology and mineralogy
The carbonate wall rock outcrops are off-white in fresh surfaces
to celandine green in color, and the lithology varies from dolomitic
limestone to limy dolomite. The fresh surface is off-white andcations in the Bachu area, Tarim Basin.
Table 1
Trace element for carbonate rocks in the BachueYijianfang area (unit: mg/kg).
Sample No. Ba Zn Ga Rb Sr Y Tl Pb Bi Th U Zr
9e1 30.5 7.90 1.100 8.44 158 1.64 0.078 2.26 0.038 0.835 0.600 8.95
9e2 33.8 8.23 1.010 7.72 185 1.54 0.067 1.44 0.026 0.688 0.649 10.00
9e3 35.7 8.26 1.020 7.55 201 2.06 0.046 2.12 0.045 1.120 0.594 9.89
9e4 35.8 11.1 0.925 8.07 210 1.23 0.054 2.17 0.028 0.581 1.100 5.78
9e5 34.6 10.9 1.430 7.98 188 2.64 0.057 1.95 0.026 0.820 0.774 12.30
9e6 6.61 2.37 0.140 1.50 156 0.377 0.020 1.30 0.010 0.174 0.433 1.25
9e7 33.7 5.31 0.699 5.79 173 1.22 0.054 1.54 0.017 0.660 0.593 6.28
9e8 10.8 4.23 0.424 2.45 164 0.704 0.011 0.916 0.014 0.320 0.492 3.32
9e9 16.5 4.69 0.492 3.75 163 0.710 0.040 1.06 0.019 0.353 0.494 2.82
9e10 19.5 8.40 0.822 3.72 178 1.11 0.024 1.39 0.024 0.474 0.392 6.03
9e11 9.29 3.43 0.289 1.39 146 0.708 0.008 0.62 0.005 0.177 0.101 3.85
9e12 7.77 2.58 0.262 2.03 165 0.439 0.017 0.743 0.014 0.286 0.542 1.81
9e13 491.0 154.0 22.100 36.4 328 33.70 0.123 4.23 0.029 2.73 0.654 277.0
9e14 435.0 144.0 20.100 28.5 323 29.50 0.114 4.60 0.032 2.56 0.650 251.0
9e15 22.2 5.80 0.790 4.50 182 1.31 0.023 1.79 0.034 0.671 0.445 5.67
9e16 12.2 2.84 0.355 2.43 230 0.764 0.036 0.724 0.019 0.429 0.782 2.92
9e17 6.93 2.34 0.189 0.843 175 0.382 0.030 0.569 0.012 0.168 0.284 2.20
9e18 5.44 2.68 0.156 0.802 226 0.393 0.027 0.584 0.008 0.210 0.487 1.12
9e19 24.9 4.33 0.596 3.75 180 0.829 0.040 1.15 0.020 0.525 0.400 5.21
9e20 9.81 5.94 0.328 2.34 159 0.537 0.035 0.752 0.017 0.311 0.321 2.27
9e21 10.5 2.72 0.448 2.25 219 0.766 0.059 0.742 0.015 0.365 0.407 2.91
9e22 6.33 2.79 0.179 1.15 174 0.497 0.016 0.67 0.011 0.172 0.412 1.66
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75%, and the grain size varies from0.03 to 0.15mm and occasionally
up to 0.35e0.6 mm. The calcite shows visible twinkling, poly-
synthetic twinning and diamond cleavage, and is colorless and
transparent under plane polarized light. Under crossed nicols, the
maximum interference color is high-order white. The dolomite
grain size is small, approximately 0.02e0.03 mm. The mineral is
colorless and transparent under plane polarized light. Under
crossed nicols, the maximum interference color is high-order
white.
The total content of clay minerals in the carbonate rocks is
0.7e5.7% (Table 4). The content increases close to the intrusive.
There is also a difference of clay mineral composition related to the
distance. The content of kaolinite in carbonate rocks near the
intrusion is low. Theminimumvalue of kaolinite is 8%, whereas that
of illite and smectite are high; the highest value of illite is 92%, with
the value of I/S (illite mixed smectite) of 45%. We correlate this
result to the possible high temperatures near the intrusion that
promoted the conversion of kaolinite into smectite.Table 2
Rare earth element data for carbonate rocks in the BachueYijianfang area (unit: mg/kg)
Sample No. La Ce Pr Nd Sm Eu
9e1 2.03 3.91 0.441 1.84 0.323 0.0
9e2 1.92 3.73 0.409 1.73 0.351 0.0
9e3 3.75 7.39 0.865 3.18 0.708 0.1
9e4 1.77 3.36 0.404 1.61 0.288 0.0
9e5 2.87 5.98 0.729 2.73 0.517 0.1
9e6 0.678 1.27 0.119 0.531 0.094 0.0
9e7 1.89 3.61 0.429 1.45 0.295 0.0
9e8 0.952 1.85 0.219 0.763 0.146 0.0
9e9 1.04 1.92 0.229 0.806 0.220 0.0
9e10 1.49 3.01 0.366 1.50 0.311 0.0
9e11 0.755 1.45 0.172 0.73 0.130 0.0
9e12 0.69 1.31 0.159 0.589 0.120 0.0
9e15 1.78 3.41 0.384 1.52 0.298 0.0
9e16 0.903 1.68 0.205 0.723 0.141 0.0
9e17 0.448 0.872 0.105 0.359 0.072 0.0
9e18 0.656 1.13 0.117 0.515 0.115 0.0
9e19 1.22 2.34 0.268 0.999 0.236 0.0
9e20 0.803 1.49 0.148 0.668 0.174 0.0
9e21 0.973 1.81 0.228 0.890 0.154 0.0
9e22 0.616 1.15 0.131 0.498 0.078 0.05.2. Trace element geochemistry
The trace elements of carbonate rocks are presented in Table 1.
Non-hydrothermal carbonates exhibit positive Eu positive anoma-
lies and light REE enrichment, normalized with respect to chon-
drite (Boynton, 1984). The Eu shows a range of 0.011 to 0.139 ppm
(Table 2), with an average Eu/Eu* of 2.11 and a clear positive Eu
anomaly. Eu2þ usually appears in the strongly reducing environ-
ment in lower crust related to magmatic activity. Apart from the
hydrothermal origin, positive Eu anomalies are generally absent in
the open ocean environment. Carbonate rock, which is of sedi-
mentary origin, has a few Eu positive anomalies and light REE
enrichment. The variation range of La is 0.448e2.87 ppm. The trace
element characteristics of carbonate samples exhibit LREE enrich-
ment and HREE depletion. The average dEu of carbonate rocks close
to the intrusion is 1.98, whereas at an 8e10 m distance from the
intrusions, the value increases up to 2.28. The Eu/Eu* can be used as
a marker to judge the carbonate deposition from magmatic ﬂuid,
Eu/Eu* ¼ dEu. The dEu in the study area exhibits a positive anomaly.
Gd Tb Dy Tm Yb Lu
93 0.343 0.048 0.340 0.025 0.171 0.031
74 0.276 0.051 0.276 0.023 0.139 0.026
35 0.589 0.084 0.370 0.032 0.189 0.028
65 0.276 0.047 0.297 0.019 0.121 0.011
39 0.508 0.091 0.563 0.045 0.313 0.045
23 0.074 0.014 0.058 0.003 0.027 0.005
69 0.265 0.044 0.249 0.019 0.120 0.022
37 0.144 0.019 0.157 0.009 0.068 0.013
40 0.138 0.027 0.115 0.009 0.093 0.011
51 0.269 0.040 0.241 0.019 0.100 0.014
35 0.156 0.026 0.120 0.009 0.052 0.008
20 0.103 0.015 0.093 0.007 0.064 0.003
63 0.322 0.057 0.239 0.019 0.141 0.025
55 0.119 0.033 0.150 0.016 0.061 0.011
16 0.101 0.015 0.073 0.004 0.044 0.009
11 0.094 0.015 0.059 0.005 0.038 0.006
43 0.224 0.029 0.189 0.012 0.074 0.018
24 0.137 0.017 0.095 0.010 0.061 0.010
45 0.147 0.029 0.141 0.012 0.081 0.014
23 0.107 0.015 0.066 0.007 0.037 0.010
Table 3
Characteristics and homogenization temperatures of ﬂuid inclusions in carbonates
of Well He-3 in the Bachu area.
Sample
No.
Host mineral Size
(mm)
Liquid
ratio (%)
Homogenization
temperature (C)
Well
depth (m)
1 Sparry calcite 5  9 6 86 3904.04
2 Sparry calcite 6  6 6 61 3904.04
3 Sparry calcite 6  9 6 146 3904.04
4 Sparry calcite 6  21 8 60 3904.04
5 Sparry calcite 5  6 8 161 3904.04
6 Sparry calcite 3  9 6 145 3904.04
7 Sparry calcite 6  9 10 116 3904.04
8 Sparry calcite 4  5 6 150 3904.04
9 Sparry calcite 3  4 6 150 3999.00
10 Sparry calcite 4  6 6 108 3999.00
11 Sparry calcite 5  10 6 91 4040.00
12 Sparry calcite 2  3 5 62 4040.00
13 Sparry calcite 2  4 6 98 4040.00
14 Sparry calcite 2  5 6 113 4040.00
15 Sparry calcite 3  7 6 106 4040.00
16 Sparry calcite 3  4 6 126 4040.00
17 Sparry calcite 2  3 5 113 4526.20
18 Calcite 12 5 89.8 4526.20
19 Calcite 8 5 97.2 4526.20
20 Calcite 10 4 100.4 4526.20
21 Calcite 18 2 70.2 4526.20
22 Calcite 20 4 63.2 4526.20
23 Calcite 40 2 73 4526.20
24 Calcite 12 5 83.6 4526.20
Table 5
Carbon and oxygen isotope values of carbonate rocks in the BachueYijianfang area.
Sample No. d13C (PDB,&) d18O (PDB, &) d18O (SMOW,&)
1e1 2.53 7.32 23.32
1e16 1.70 7.08 23.56
1e2 2.46 6.82 23.83
2e1 2.34 6.98 23.66
2e11 1.68 6.94 23.70
3e1 1.56 7.01 23.64
3e17 1.74 7.83 22.79
3e18 1.86 6.55 24.10
3e19 2.76 6.70 23.95
3e2 1.59 6.35 24.31
3e3 1.17 7.37 23.27
3e5 1.57 6.48 24.18
3e7 0.97 5.07 25.64
3e8 1.17 7.91 22.70
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thermal ﬂuids. The LREEs exhibit a similar pattern.
5.3. Fluid inclusions
Fluid inclusions provide direct information on the primary ore-
forming ﬂuids, including those involved with diagenesis and
mineralization. In this study, we used drill core samples for the ﬂuid
inclusion studies. The salient characteristics and homogenization
temperatures of the ﬂuid inclusions in carbonates of Well He-3
(390,600e452,620 m) in the Bachu area are presented in Table 3.
The range of homogenization temperatures of ﬂuid inclusions is
60e161 C and can be divided into three groups. The ﬁrst group isTable 4
Clay mineral content of carbonate rocks and proportion of different type of clay
mineral of carbonate rocks in the BachueYijianfang area.
Sample
No.
Clay mineral content (%) Percent of smectite layer Total clay
minerals (%)
S I/S I K C C/S I/S C/S
4e1 e e 87 13 e e e e 2.0
4e2 e e 91 9 e e e e 1.6
4e3 e e 92 8 e e e e 0.8
4e4 e e 82 18 e e e e 1.5
4e5 e e 82 18 e e e e 0.8
4e6 e e 72 18 10 e e e 1.0
4e7 e e 74 14 12 e e e 1.2
4e8 e e 51 14 7 28 e 65 1.2
4e9 e e 65 8 9 18 e 45 0.9
4e10 e e 52 16 10 22 e 50 1.6
4e11 e 27 47 9 17 e 50 e 5.5
4e12 e 43 33 9 15 e 45 e 5.7
4e13 e 45 37 8 10 e 45 e 3.0
4e14 e 15 38 25 22 e 35 e 2.7
4e15 e 8 64 9 19 e 45 e 3.0
4e17 e e 71 14 15 e e e 0.7
4e18 e e 72 18 10 e e e 0.9
4e19 8 e 63 17 12 e e e 1.9
4e20 e e 54 29 17 e e e 0.7
4e21 e e 48 14 15 23 e 50 1.6
Note: Sesmectite, Ieillite, Kekaolinite, Cechlorite.60e80 C, the second group is 90e130 C, and the third group is
140e170 C. The ﬂuid inclusion data from carbonate in the borehole
proﬁle suggest that the rocks have been heated. It is possible that
the carbonate rocks witnessed multiple thermal and ﬂuid activities
during the emplacement of the magmatic intrusions.
5.4. C and O isotope
In the marine sedimentary environment, the change of various
geological factors is relatively small. The chemical properties and
thermodynamic properties of carbonate rock formed in that envi-
ronment are very stable. The d13C values range from 2.76&
to 0.97&, whereas the d18O ranges from 7.91& to 5.07&
(Table 5). The oxygen isotope of carbonate in this area is biased
toward the negative, and the carbon isotopic composition of marine
carbonate isotope is similar to the normal composition. As pre-
sented in Table 3, the average value of d13C is 1.79& and the
average value of d18O is6.89&. The d18O values exhibit correlation
with the d13C values. Thus, if the ﬂuid came from magmatic in-
trusions and underwent intense metasomatism dissolution to
limestone, then the d13C and d18O values exhibit an obvious nega-
tive offset. Application of the salinity formula of Z ¼ 2.48
(d13C þ 50) þ 0.498 (d18O þ 50) reveals that the Z value of the
carbonate rocks in this area is in the range of 138.12 to 143.97.
When the Z value is greater than 120, the lithology is marine
limestone. When the Z value is less than 120, the lithology is
freshwater limestone. The Z value of study area is greater than 120,
which indicates that the Ordovician carbonate rocks in this area
were formed in the marine environment.
6. Discussion
6.1. Lithology and mineral composition
The lithological characteristics of the different layers in the
outcrop in the Bachu area are similar. Those in the No. 3 line areTable 6
Lithology and areal porosity of No. 3 line in the Bachu area.
Sample No. Lithology Type Areal porosity (%)
3e1 Marble Country rock 7.9
3e2 Marble Country rock 9.7
3e5 Dolomitic limestone Country rock 6.2
3e7 Dolomitic limestone Country rock 5.7
3e8 Limestone Country rock 2.9
3e12 Igneous rocks Intrusion e
3e17 Limestone Country rock 10.7
3e18 Containing dolomite Country rock 12.5
3e19 Marble Country rock 13.8
Table 7
Areal porosity of carbonate rocks in the BachueYijianfang area.
Sample No. Areal porosity (%) Sample No. Areal porosity (%) Sample No. Areal porosity (%) Sample No. Areal porosity (%)
5e1 7.1 7e1 8.2 8e1 6.3 9e1 6.5
5e2 6.9 7e2 8.7 8e2 6.9 9e2 7.7
5e3 7.4 7e3 7.4 8e3 8.6 9e3 8.1
5e4 8.8 7e4 8.7 8e4 7.5 9e4 7.9
5e5 8.0 7e5 8.9 8e5 8.4 9e5 8.5
5e6 8.5 7e6 8.5 8e6 8.3 9e6 8.6
5e7 7.1 7e7 9.5 8e7 7.2 9e7 7.4
5e8 7.6 7e8 8.3 8e8 6.9 9e8 7.8
5e9 5.7 7e9 7.6 8e9 5.2 9e9 6.9
5e10 4.5 7e10 4.0 8e10 4.6 9e10 5.5
5e11 3.2 7e11 4.1 8e11 2.8 9e11 4.9
5e12 2.9 7e12 3.2 8e12 0.0 9e12 4.6
5e13 3.5 7e13 0.0 8e13 1.5 9e13 3.4
5e14 1.4 7e14 2.4 8e14 2.6 9e14 0.0
5e15 0.0 7e15 3.9 8e15 4.5 9e15 3.2
5e16 2.8 7e16 5.8 8e16 5.6 9e16 5.8
5e17 4.5 7e17 6.9 8e17 4.3 9e17 5.9
5e18 4.6 7e18 7.9 8e18 5.2 9e18 7.5
5e19 6.0 7e19 7.7 8e19 7.6 9e19 8.4
5e20 5.8 7e20 9.5 8e20 7.3 9e20 8.1
e e 7e21 10.2 8e21 8.4 9e21 9.0
e e 7e22 9.1 e e 9e22 7.9
K. Xu et al. / Geoscience Frontiers 6 (2015) 779e790784used here as a representative example. The carbonate lithology
close to the intrusive rock is pure limestone, and the grain size is
smaller than that in the carbonate rocks away from the intrusion.
Both the composition and the structure of the carbonate minerals
differ whenmoving more than 8e10m from the intrusive rock. The
areal porosity increases from 2.8% to 6.8% upward and from 7.8% to
9.6% downward. This results in more areal porosity increases in the
downward direction than upward, suggesting the potential of
forming high-quality downward reservoirs. The degree of dolomi-
tization increases gradually away from the intrusion.
Dolomitization of limestone is stronger in the region sur-
rounding the upper part of the intrusions, with an increase in the
amount and volume of the secondary pores. In addition, themass of
weathered marble found in the outcrop exhibits a higher intensity
of conversion to marble close to the intrusive rock, with a
concomitant increase in grain size. With increasing distance from
intrusive rock, the degree of conversion to marble decreases. TheFigure 3. Calciteedolomiteemagnesite phase equilibmarble shows a gradual transition to the limestone, along with a
steady reduction in grain-size. The zone of conversion to marble
extends for more than 10m. The rocks have been strongly reformed
with a substantial increase in porosity, suggesting the potential to
form oil and gas reservoirs.
An important aspect of contact metamorphism is the substantial
material exchange. Magmatic ﬂuids and formation water were
important transport media. Temperature is one of the driving
forces. The results of simulations performed by Nie et al. (2008)
showed that these intrusions had a limited range of thermal ef-
fect. They also identiﬁed a close relationship with the thickness of
the intrusion; the thicker the intrusion, the larger the thermal ef-
fect. The relationship of calcite, dolomite, and magnesite changed
with temperature in a CaCl2-MgCl2-CO2 aqueous solution in the
temperature range of 275e420 C (Fig. 3). Calcite, dolomite, and
magnesite undergo mutual transformation, and thus, all of these
phases were in phase equilibrium. Therefore, under appropriaterium at temperatures between 275 and 420 C.
Figure 5. Clay minerals in carbonate rock pores by scanning electron microscopy.
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formation of calcite to dolomite. Transformation of calcite to
dolomite with no change in volume could increase the porosity by
6.8%. The formation of intergranular pores and intergranular dis-
solved pores changes the physical properties of the carbonate
reservoir. In the process of the dolomitization of the limestone,
Mg2þ in the high temperature rock replaces Ca2þ in the limestone.
The balance between calcite and dolomite can be expressed by the
following reaction:
2CaCO3 þ Mg2þ/ CaMg(CO3)2 þ Ca2þ
Hutcheon and Oldershaw (1985) investigated the changes in the
physical properties of carbonate rocks under conditions of elevated
temperature (175e182 C). Several studies (Sun et al., 2005; Yang
et al., 2006; Nie et al., 2008; Xu et al., 2012) have shown that
kaolinite and dolomite produce montmorillonite with an increase
in temperature. The amount of montmorillonite is closely related to
the kaolinite content. This process has an important effect on the
sizes and distributions of pores in low-porosity carbonate. The clay
mineral content is very high in the carbonate reservoir close to
intrusive rocks (Fig. 4). The content of illite-smectite mixed layer is
as high as 45%. The intercrystalline fractures (Fig. 5a) and inter-
granular pores (Fig. 5b) of carbonate rocks are ﬁlled by clay min-
erals. The formation of clay minerals caused a decrease in porosity.
Therefore, carbonate reservoir properties close to intrusive rocks
were reduced. This behaviormight have been caused by the heating
effect of the intrusive body. More than an 8e10 m away from the
intrusive rocks, the carbonate rock reservoir develops secondary
pores (Fig. 9), thus signiﬁcantly increasing the porosity.
6.2. Trace elements and rare earth elements
Rare earth elements are important geochemical proxies
(Shariatinia et al., 2013). The characteristics of rare earth elements
in reservoirs can provide evidence for deep ﬂuid activities. Eu2þ
usually appears in a lower crustal reducing environment related to
magmatic activity. Positive Eu anomalies are generally not present
in open-ocean environments unless there was hydrothermal ac-
tivity (Michard, 1989). Non-hydrothermal carbonates have rare
positive Eu positive anomalies and light REE enrichment. Therefore,
the presence of an Eu anomaly could be regarded as a sign of hy-
drothermal alteration. The average dEu in the present case is 2.11,
with an obvious positive Eu anomaly. The samples display differentFigure 4. Clay mineral content of carbonate rocks relative to distance from intrusive
rock.concentration of trace elements, probably because of the different
clay minerals and their trace element adsorption properties (Jin
et al., 2009). The trace element characteristics of carbonate sam-
ples show LREE enrichment and HREE loss (Fig. 6). As a result, the
carbonate rocks are inferred to have undergone transformation by
magmatic hydrothermal ﬂuids. The average dEu of the carbonate
rocks close to the intrusions is 1.98, whereas that at a distance of
8e10 m from the intrusions is 2.28. The light rare earth elements
exhibit a similar pattern. These results suggest that more intense
magmatic ﬂuid transformation occurred in carbonate rocks at a
distance instead of close to the intrusions.
6.3. Carbon and oxygen isotopes
The d13C in our samples ranges from 2.76& to 0.97&. The
d18O ranges from 7.91& to 5.07&. Those negative d13C values
might be related to the fractionation of CO2 released by magmatic
activity. The average d13C of CO2 in volcanic gases is 0.6& (Arthur
et al., 1985). Atmospheric P(CO2) increases as a result of the CO2
released by magmatic activity. The relative content of free oxygen
becomes reduced. Further deterioration of the ecological environ-
ment is intensiﬁed biological decay. In the time taken for biological
decay, the amount of 12C in organic carbon decreases signiﬁcantly.
The amount of carbon in the carbonate reservoir increased,
resulting in a reduction of d13C.
Because of the differences in the parent material types and the
formation environment, the carbon isotopic composition of CO2
exhibits obvious differences. There are several possible reasons for
Figure 6. Chondrite-normalized REE patterns for carbonate rocks in the Bachu area.
Figure 7. Fluid corrosion in carbonates in the Bachu area by scanning electron
microscopy.
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magma degassing; in this case, the isotope composition is similar to
that of mantle values with d13C in the range of 7& to 5&; (2)
CO2 produced by the decomposition of marine carbonate rocks. The
carbon isotope composition in this case would be similar to that of
the parent material, with d13C in the range of 3.5& to 3.5&; (3)
CO2 formed by the breakdown of carbonate minerals in clastic
sedimentary rocks and carbonate cements in argillaceous rocks,
where d13C would be in the range of 15& to 9&; (4) CO2 pro-
duced by the transformation of organic matter, where the d13C
values would be in the range of 30& to 10&. As presented in
Table 3, the average value of d13C in the present case is 1.79. The
carbon isotope distribution in the Bachu region suggests that CO2
was produced by decomposition of marine carbonate rocks. How-
ever, CO2 might have been added from depth. The Permian volcanic
eruption in the areamight have contributed CO2, whichwould have
migrated upward along the faults. CO2 was eventually captured in
the Carboniferous and Ordovician reservoirs. The CO2 and hydro-
carbon gases subsequently accumulated in various traps.
The carbon isotope composition of carbonate is determined by
the carbonate or CO2. Usually, the organic origin carbonate or CO2
have low carbon isotope values. Hydrocarbon accumulation of the
Tarim Basin began in the early Caledonian. Carbonate rock, before
the occurrence of marbleization, was ﬁlled with a certain amount of
organic ﬂuid. Due to the effects of the organic origin carbonate or
CO, a partial light marble carbon isotopic composition is possible.
The value of 13C negative may be related to fractionation effects
of CO2 released by volcano magmatic activity. The 13C value of
samples of 3.3078 km in the He-4well is0.19% (lower Ordovician).
The 13C value of the sample at 4.3586 km is 0.195% (upper
Cambrian). In the ranges of 3.361e3.385 km and 4.515e4.548 km,
large sections of deep grey intrusive rocks are found. The 13C values
of samples at 3.221 and 3.492 km (upper Cambrian) of the Fang 1
well are 0.16% and 0.1%, respectively. Analysis revealed that this
type of sample occurs in the carbonate rocks after a volcano formed.
The average 13C of Volcano jet CO2 is 0.6%. The volcano effect
caused the 12C of organic carbon amount to sharply decrease. The
d18O values are correlated with the d13C values. Oxygen isotopes are
more easily affected by the external environment during late
diagenesis (Macpherson et al., 1998). Therefore, d18O values tend to
exhibit some abnormalities. The ﬂuctuations in the oxygen isotope
ranges are more obvious than that of carbon isotopes. Hecht et al.
(1999) studied the Paleozoic hydrothermal activity of carbonate
alteration in western Canada and the eastern United States, and
conﬁrmed the presence of hydrothermal dolomite with similarchanges. The d13C and d18O values were substituted into the salinity
formula:
Z ¼ 2:48

d13Cþ 50

þ 0:498

d18Oþ 50

The salinity range of carbonate rocks in our study area is
138.12e143.97, which is in the high salinity range. If the Ordovician
Figure 8. The homogenization temperature of ﬂuid corrosion in carbonates in the
Bachu area.
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fall in the normal range of seawater salinity. Obviously, the carbonate
rocks in the study areawere reformed by high-salinity hydrothermal
ﬂuid. The composition of d18O was partially light. This composition
might have been caused by ﬂuid with light oxygen isotopic compo-
sition (e.g., precipitation) or high temperature. Magmatic ﬂuids are
usually of higher temperature. If the carbonate rocks achieved oxy-
gen isotope equilibriumwithwater at a high temperature, then their
oxygen isotope composition would be signiﬁcantly lighter.
The lighter oxygen isotope composition may be a result of
marbleization at high temperature. Magmatic intrusion generally
has a higher temperature. Carbonate, which achieves oxygen
isotope equilibrium with water at high temperature, usually has a
signiﬁcantly lighter oxygen isotopic composition.
6.4. Fluid inclusions
Magmatic hydrothermal ﬂuids evolve to a CO2 þ H2O þ high salt
brine (Kelley and Früh-Green, 2001). There are many faults in the
Bachu area, and deep thermal ﬂuid could rise along these fracturesFigure 9. Distribution map of areal po(Fig. 7). The carbonate minerals experienced cementation, meta-
somatism, and recrystallization, forming high-temperature ﬂuids.
The characteristics and homogenization temperatures of ﬂuid in-
clusions in carbonates of Well He-3 in Bachu area are presented in
Table 1, where the homogenization temperatures of ﬂuid inclusions
fall into three groups: 60e80 C, 90e130 C, and 140e170 C (Fig. 8).
This result indicates that the carbonates underwent modiﬁcation by
superheating events. The rocks might have also experienced multi-
stage hydrothermal ﬂuid activity. In the Bachu area, magmatic
ﬂuids migrated to Ordovician carbonate rocks along fractures or
unconformities. Theseﬂuidsmight have reached a calciumcarbonate
balance with the underlying Cambrian carbonate rocks. The forma-
tion water in carbonate formations was also saturated with calcium
carbonate. When two types of ﬂuids are saturated with calcium
carbonate mix, if the salinities or CO2 ﬂuid pressures are not exactly
the same, the mixed ﬂuid could be unsaturated with respect to cal-
cium carbonate. Therefore, when magmatic ﬂuid inﬁltrated into the
Ordovician carbonate rocks and mixed with formation water, an
unsaturated mixed ﬂuid was produced; this mixed ﬂuid eroded the
carbonate rocks. High-temperaturemagmatic activity could promote
ﬂuid convection. When the hydrothermal ﬂuid and the formation
ﬂuid mixed, the ﬂuid corrosion ability was stronger, which was
favorable for dissolution of carbonate rocks. In this case, carbonate
rocks could forma good reservoir. The intrusive rockswere neardeep
faults, which provided a good transport path for ﬂuidmigration. This
transport path was conducive to transformation of the surrounding
carbonate rocks. Therefore, ﬂuid involvement was a key factor in the
formation of favorable carbonate reservoirs.
Magmatism caused deep crustal ﬂuid upwelling, causing the
transformation of dense carbonate reservoirs. This effect includes
marbleization, ﬂuoritization, dolomitization, dissolution and so on.
Puremarbleization can result in the variation of the reservoir porosity.
However, if limestone undergoes weathering by marbleization, then
the reservoir performance is often signiﬁcantly improved. In the
outcrop, we observed a large amount of weathered marble on both
sidesof the intrusion zone. Because theweatheredmarble in the study
area was quite broken, it can be used as a good oil and gas reservoir.
Fluoritization is the metasomatic transformation of ﬂuorite to
limestone. HF in the ejecta of volcano activity and CaCO3 of limestone
react andproduceﬂuorite, CaCO3þ 2HF¼ CaF2þH2Oþ CO2. Because
the equivalent volume occupying of ﬂuorite is smaller than calcium
carbonate, the porosity increases in this metasomatism. Without
considering other factors, the pore space can increase 26.4% in the
calcite after replacement of an equal amount of ﬂuorite. The upperrosity in proﬁle in the Bachu area.
Figure 10. Reservoir space in carbonates in the Bachu area.
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Figure 11. Relationship of carbonate reservoirs and intrusive rocks in the Bachu area.
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exhibited a large amount of ﬂuorite and a large number of holes. The
thickness is 15.7m. The formation time of ﬂuorite inTazhongwas the
late Permian. This period was the advanced age of volcano intense
activity in western Tazhong area.
In outcrop observation, the ﬂuoritization phenomenon is signif-
icant from the igneous rock invasion zone of approximately 10 km.
The nearest distance of the ﬂuorite mine from igneous rock is 6 km.
Fluoritization can improve the porosity of the carbonate reservoir.
6.5. Pore types and volumes
The Ordovician carbonate rocks in the Tarim Basin experienced
long-term compaction and cementation. The primary porosity
generally did not survive. From thin sections, we note that reservoir
spaces were created by fractures and secondary pores, which
exhibit a markedly heterogeneous distribution (Fig. 9). The sec-
ondary pores are intergranular pores and intergranular dissolved
pores. The development of secondary pores was controlled by
lithofacies and ﬂuid corrosion. The secondary pores in carbonate
reservoirs close to the intrusive rocks are ﬁlled with clay minerals
(Fig. 10c). However, carbonate rocks more than 8e10 m from the
intrusions exhibit the development of intergranular pores and
intergranular dissolved pores (Table 6). The pores that connect to
each other could form corrosion cracks (Fig. 10g), thereby
enhancing the reservoir properties. Areal porosity statistics were
used to determine the degree of pore development. As presented in
Table 7 and Fig. 10, the scale of Line5 is 1.4e8.8, with an average of
5.3. The scale of Line7 is 2.4e10.2, with an average value of 6.8; that
of Line8 is 1.5e8.6, with an average of 5.7. The scale of Line9 is
3.2e9.0, with an average of 6.5. The areal porosity in carbonate
reservoirs in proximity to intrusive rocks is lower (low to 2.9) than
that in the carbonate rocks at a distance of 8e10 m from the in-
trusions. In addition, intergranular pores in carbonate rocks at a
distance of 8e10 m to the intrusions are larger than those in car-
bonate reservoirs close to intrusive rocks (Fig. 11).
7. Conclusions
(1) The REE data revealed a more intense magmatic ﬂuid trans-
formation in carbonate rocks at a distance from the intrusions
versus the rocks close to the intrusions. The homogenization
temperatures of ﬂuid inclusions of Well He-3 in the Bachu area
are found to exist in three groups, 60e80 C, 90e130 C, and140e170 C, suggesting that the carbonate rocks experienced
transformation by heating events. The levels of d13C and d18O
were found to exhibit negative trends. The development of
secondary pores was controlled by lithofacies and corrosion by
various ﬂuids that are inferred to be supercritical ﬂuid with
high densities (138.12e143.97 mg/cm3). The negative de-
viations of d13C (2.76& to 0.97&) and d18O (7.91& to
5.07&) suggest that the carbonate rocks in the study area
were reformed by high-salinity hydrothermal ﬂuid.
(2) The reservoir spaces were created by fractures and secondary
pores, which display a highly heterogeneous distribution. The
scale of areal porosity is over a range of 1.4 to 10.2, with an
average of 6.1. The development of secondary pores was
controlled by lithofacies and ﬂuid corrosion. The porosity of the
carbonate reservoirs increases in proximity to the intrusion
versus those 8e10 m away from the intrusive rocks. Carbonate
reservoirs are situated close to intrusive rocks, where the
porosity was signiﬁcantly improved.
(3) Generation of clay minerals caused the decrease of porosity.
Therefore, the carbonate reservoir properties close to intrusive
rocks were reduced. This behavior might be caused by the
intrusive body heat effect. When the hydrothermal ﬂuid and
the formation ﬂuid mix, the ﬂuid corrosion intensity was
stronger. Approximately 8e10m away from the intrusive rocks,
the carbonate rock reservoir developed secondary pores and
the porosity was signiﬁcantly improved. The areal porosity
increased from 2.8% to 6.8% upward and from 7.8% to 9.6%
downward. The ﬂuid involvement was an important factor in
the favorable formation of carbonate reservoirs. The formation
of clay minerals illite and montmorillonite was caused by a
decrease in the porosity.
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